Recombinant human colony-stimulating factor-i-treated human peripheral blood-derived monocytes-macrophages are efficient host cells for recovery of the human immunodeficiency virus (HIV) from blood leukocytes of patients with acquired immunodeficiency syndrome. These cells can be maintained as viable monolayers for intervals exceeding 3 months. Infection with HIV resulted in virus-induced cytopathic effects, accompanied by relatively high levels of released progeny virus, followed by a prolonged low-level release of virus from morphologically normal cells. In both acutely and chronically infected monocytes, viral particles were seen budding into and accumulating within cytoplasmic vacuoles. The number of intravacuolar virions far exceeded those associated with the plasma membrane, especially in the chronic phase, and were concentrated in the perinuclear Golgi zone. In many instances, the vacuoles were identified as Golgi elements. Fusion of virus-laden vacuoles with primary lysosomes was rare. The pattern of cytoplasmic assembly of virus was observed with both HIV types 1 and 2 and in brain macrophages of an individual with acquired immunodeficiency syndrome encephalopathy. Immunoglobulin-coated gold beads added to acutely infected cultures were segregated from the vacuoles containing virus; relatively few beads and viral particles colocalized. The assembly of HIV virions within vacuoles of macrophages is in contrast to the exclusive surface assembly of HIV by T lymphocytes. Intracytoplasmic virus hidden from immune surveillance in monocytes-macrophages may explain, in part, the persistence of HIV in the infected human host.
Human immunodeficiency virus (HIV) is classified as a member of the lentivirus family of retroviruses (1, 15). Animal lentiviruses, including visna virus and caprine arthritis-encephalitis virus, predominantly infect mononuclear phagocytes (3, 5, 12, 22, (24) (25) (26) 30) . The virus replicates within the immature monocytes at low levels; as the monocytes differentiate into tissue macrophages, viral replication increases several thousand-fold. Accumulation of large numbers of lentiviruses occurs through assembly within cytoplasmic compartments, in some cases identified as rough endoplasmic reticulum (3, 5, 14, 33, 36) .
Visna virus-infected macrophages have been likened to Trojan horses in that they can enter tissue while harboring virus hidden from host immune surveillance (30). Virus dissemination may occur by passage of infectious particles from the "Trojan horse" to bystander cells through direct contact, cell membrane fusion, or release of progeny virions into the extracellular milieu. the same scenario, with all its implications, can be proposed for HIV. Currently there is no evidence for intracellular assembly and accumulation of infectious HIV within lymphocytes (18, 19, 23, 29) . However, preliminary reports indicate that monocytes-macrophages, recently shown to be a major target for HIV infection in the human host (4, 9, 17, 20, 37, 39) , can accumulate virus within cellular compartments (10, 13, 28) .
We recently reported a technique that allows for reproducible isolation of HIV from the leukocytes of seropositive * Corresponding author. patients onto normal human monocytes (13). Such monocyte-tropic HIV is maintained in cultured, blood-derived monocytes for intervals in excess of 40 days and can be serially passaged onto other monocyte cultures from different donors. The purpose of this ultrastructural study was to examine the modes of assembly and accumulation of HIV by monocytes and to determine whether it involves intracellular compartments. In this system, HIV accumulates within cytoplasmic compartments of the monocyte-macrophage and thus is analogous to animal lentiviruses.
MATERIALS AND METHODS
HIV-infected peripheral blood monocytes. Blood monocytes from normal donors were isolated by countercurrent centrifugal elutriation of peripheral blood mononuclear cellrich fractions (38). Cells were maintained for 7 to 10 days before infection in Dulbecco modified Eagle medium supplemented with 10% freshly drawn heat-inactivated human serum and 1,000 U of recombinant macrophage colonystimulating factor-1 (rCSF-1) per ml as previously described (13). The 120 and Ada isolates of HIV type 1 (HIV-1) previously shown to be tropic for and cytopathic in macrophages were used. Cells were infected with 50,000 reverse transcriptase counts, 102 50% tissue culture infectious doses. The HIV-2 ROD isolate was previously described (2). Cells were harvested for transmission electron microscopy at 14 days (during the acute cytopathic infection) and 40 days (chronic infection).
Preparation for ultrastructural studies. Chronically infected cells were removed from plastic culture wells with a Pasteur pipette (unless designated, all procedures were carried out at room temperature). They were transferred to 15-ml plastic cone-shaped tubes, centrifuged for 10 min at 600 x g, suspended in phosphate-buffered saline, pelleted, and immediately fixed undisturbed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The cell pellets were kept in fixative for 1 h at room temperature and then overnight at 4°C. The following day, the pellets were fragmented and carefully transferred to 1.5-ml microfuge tubes. After cells were pelleted at 4,500 x g for 2 min, they were processed through 1% OSO4, for 1 h in saturated uranyl acetate in 50% ethanol (block uranyl Exposure to immunoglobulin-coated gold beads. Goat antimouse immunoglobulin G-coated gold beads (5 or 15 nm; Janssen, Life Sciences Products, Piscataway, N.J.) were washed by low-speed centrifugation, suspended in 1 ml of culture medium, added to a plastic well (Costar 24; Costar, Cambridge, Mass.) containing 5 x 105 cells 14 days after HIV-1 infection, and incubated for 5 or 45 min. The medium was replaced with glutaraldehyde; after 10 to 15 min of fixation, the cells were scraped off with a rubber policeman and processed as described above.
Brain biopsy from AIDS patient. A computerized tomography scan-guided biopsy of a brain mass in a 33-year-old homosexual man, subsequently diagnosed with acquired immunodeficiency syndrome (AIDS), was studied by transmission electron and light microscopy after standard processing. Light microscopy revealed only mild astrocytosis (28a).
RESULTS
HIV-infected monocytes and their viral progeny. Highly purified populations of blood-derived human monocytes (greater than 99.9% monocytes by immunofluorescence on fluorescence-activated cell sorter flow cytometric analysis) remained viable in culture for over 3 months in medium supplemented with rCSF-1 (13). These cultures provided susceptible target cells for isolation and propagation of virus from blood leukocytes of HIV-infected patients. HIV isolated into such monocytes readily infected other rCSF-1-treated monocytes. After several passages of the monocytetropic HIV, persistent, low-level progeny virion production was detected in macrophage culture fluids by reverse transcriptase activity (2 x 105 to 8 x 105 cpm/ml versus background of 1 x 104 cpm/ml) or HIV antigen capture assays through 40 days. A transient peak of reverse transcriptase activity (1 x 106 to 3 x 106 cpm/ml) at 10 to 14 days was coincident with cytopathic changes and giant cell formation in about 25% of cells. Replicate monocyte cultures without HIV showed no cytopathic changes. By 4 to 6 weeks, virtually all macrophages appeared morphologically normal, with only an occasional multinucleated cell, usually binuclear.
Ultrastructural analysis of HIV-infected, rCSF-1-treated monocytes at 14 days in culture. The ultrastructural morphology of the viral particles observed in the monocyte cultures was consistent with previous descriptions of HIV (11, 15, 23, 29) .
Cell morphology of rCSF-1-treated macrophages 14 days after HIV-1 infection was quite heterogenous. Most macrophages (60 to 80%) remained mononuclear, but a significant subpopulation formed multinucleated giant cells (Fig. 1) . Degeneration and lysis were observed in both mononuclear (Fig. 1 through 4) . The largest numbers of vacuoles, about 100, and numbers of virions per vacuole, also about 100, were in multinucleated giant cells (Fig. 1) .
Sections of both mononuclear and multinucleated cells alike could contain as few as a single vacuole with a single virion or numerous vacuoles with up to four virions (Fig. 2) . The pleomorphic, predominantly smooth-surfaced, vacuoles contained budding, immature, and especially mature particles. These vacuoles were typically concentrated within the perinuclear Golgi zone, which in multinucleated cells was often surrounded by nuclei (Fig. 1) . HIV particles were identified budding into typical Golgi saccules and vacuoles ( Fig. 2 and 4) . Some virus-containing vacuoles also had small smooth-walled vesicles, giving them the appearance of Golgi-derived structures termed multivesicular bodies (Fig.  1B) . A partial, electron-dense coating was seen on some vacuoles ( Fig. 13 and 2B ). Apparent instances of fusion between cytoplasmic vacuoles, with and without enclosed virus, were common (Fig. 1B, 2B , and 4B). However, examples of fusion between the numerous lysosomes and virus-laden cytoplasmic vacuoles were rare (Fig. 5) . Nevertheless, HIV-infected macrophages undergoing degeneration or actual lysis often showed large numbers of secondary lysosomes (autophagosomes) filled with mature virions, only some of which were aberrant (probably degenerative). Remarkably, some of these secondary lysosomes contained budding virions.
Ultrastructural analysis of HIV-infected, rCSF-1-treated monocytes at 40 days in culture. Monocyte cultures treated with rCSF-1 and infected for 40 days with HIV-1 or HIV-2 showed minimal degeneration and necrosis. Viral particles were associated with 10 to 15% of macrophage cell sections. In each case, progeny virions were predominantly localized within cytoplasmic vacuoles and not the plasma membrane (Fig. 6 ). In the HIV-2-infected macrophages, only a single plasma membrane-budding virion was detected in a sampling of 50 consecutively analyzed sections of cells.
As in the acutely infected cells, the virus-containing VOL. 62, 1988 
